Large scale coherent streaks are artificially forced in a well developed turbulent boundary layer at Re δ * ≈ 1000 using an array of cylindrical roughness elements. Measures of the velocity field with particle image velocimetry reveal the presence of well reproducible, streamwise oriented, steady coherent streaks. We show that the amplitude of these coherent streaks transiently grows in space.
I. INTRODUCTION
The presence of streaky structures is a commonly observed feature of wall-bounded turbulent flows. These structures range from the well documented near-wall streaks populating the buffer layer with a mean spanwise spacing of ≈ 100 wall-units [1] [2] [3] , to the newly emphasized large and very large-scale structures of the logarithmic layer 4-8 whose spanwise spacing is proportional to the shear flow outer length scale δ. Those structures can contain as much as 40 ∼ 60% of the turbulent kinetic energy and are responsible for 40% of the shear stress production 9 . If the self-sustained mechanism by which the near-wall structures reproduce themselves in the buffer layer begins to be well understood [10] [11] [12] , this is not the case for the large-scale structures whose formation and sustain mechanisms are still the object of debate.
In laminar wall-bounded flows high-energy streaks can be induced by low-energy streamwise vortices via the lift-up effect [13] [14] [15] which leads to the algebraic growth of the streaks in the linear approximation. This growth, that is only transient in the presence of viscous effects 16 , is related to the non-normal nature of the linearized Navier-Stokes operator and can be very large when optimized 15, 17, 18 . An appealing idea is that the lift-up mechanism is active, in some average sense, also in completely developed turbulent flows. Butler & Farrell 19 have computed the optimal perturbations supported by a turbulent channel flow.
In 19 the turbulent mean velocity profile of Reynolds & Tiedermann 20 , based on Cess' eddy viscosity model 21 , is used as base flow. However, the molecular viscosity is used in the linearized equations for the coherent perturbations. With this approach it was found that the most amplified disturbances are spanwise periodic and streamwise uniform vortices with an optimal spanwise wavelength λ z ≈ 3h, h being the channel half-width. Optimal spanwise wavelengths of λ z + = 100 were retrieved by constraining the optimization time to appropriate values of order of the eddy turnover time 19 . Reynolds & Hussain 22 had however convincingly shown that small coherent perturbations are better described by linearized equations that use the eddy viscosity in equilibrium with the turbulent mean flow. This formulation has been therefore adopted by del Alamo & Jiménez 23 who have then recomputed the optimal perturbations and growth in this framework. They find two peaks of optimal energy growth without any restriction on the optimization time, which is also an output of the optimization algorithm. The primary peak scales on outer units (i.e. h) and is associated with an optimal wavelength λ z = 3h. The secondary peak scales with inner (wall)-units and is associated with λ z + = 100. In this study 23 however, the energy amplification associated with the primary peak (outer units) was observed to decrease with the Reynolds number, contrary to what is observed in the laminar case. Actually, some inconsistency in the formulation used in 23 was later found by Pujals et al. 24 who have therefore re-performed the analysis using the consistent linearized operator. With the revised formulation 24 it is found that the primary peak, associated with the large scales, is obtained for λ z = 4h and that the associated maximum energy growth increases with the Reynolds number. The secondary peak is associated with near-wall structures with λ + z ≈ 100 and is substantially unchanged with respect to the results of 23 .
The fact that a mean lift-up is also observed in the fully turbulent case and that the optimal amplification of large-scale streaks increases with the Reynolds number suggests that these structures could be artificially forced for control purposes. The forced streaks could be used for the passive control of turbulent flows and the efficiency of the control, given by the transient energy growth, would increase with the Reynolds number. The forcing of optimal streaks has actually been shown to be an effective way to passively control laminar boundary layers 25, 26 .
The analysis of the turbulent Poiseuille flow of Ref. 24 has therefore been extended 27 to the turbulent boundary layer on a flat plate with zero-pressure gradient using the mean velocity profile of Monkewitz et al. 28 . Also in this case two peaks of optimal energy growth are observed. The secondary peak scaling in near-wall units is very similar to the one found for the Poiseuille flow and is associated with structures that correspond well to the most probable streaks observed in the buffer layer. The energy growth associated with the primary peak, that increases with the Reynolds number, is however larger than the one observed for the Poiseuille flow. The outer peak optimals are obtained for very large wavelengths of order of 8δ for high Reynolds numbers and 6δ for low Reynolds numbers. The corresponding optimal vortices and streaks were found to be almost Reynolds-number independent when rescaled with the proper outer length scale (i.e. h in the turbulent channel case and a modified Rotta-Clauser length in the turbulent boundary layer case 27 ).
The theoretical prediction of the optimal growth of coherent streaks is based on strongly simplifying assumptions and, to our knowledge, no experimental observation of the transient growth of coherent streaks in a fully developed turbulent mean flow is currently available.
This is especially a problem in the case of the turbulent boundary layer. Actually, in the turbulent plane Poiseuille flow, large-scale structures with the optimal spanwise periodicity of 4h are naturally observed even if they are not the most energetic ones (see 6 and discussion in 24 ). The same is observed in turbulent Couette flow where the λ z ≈ 4 − 5h spanwise scale scales observed in unforced direct numerical simulations 29 match the theoretical predictions 30 and have been experimentally forced 31 . Naturally occurring very large-scale structures with λ z ≥ 6δ have not been detected yet in turbulent boundary layers where the most energetic structures have a spanwise scale of rather λ z ≈ δ. It could be that the larger optimal structures, even if largely potentially amplified by the mean lift-up, are not able to selfsustain in the boundary layer because they are not selected by the other processes involved in the self-sustained process 11, 32 . It could however also be that, after all, no mean lift-up exists and that other mechanisms are responsible for the existence of very large-scale streaks.
The first scope of this study is to verify if the transient growth of coherent streaks can actually be experimentally observed in a turbulent flow. This is an important step aimed at validating or discarding the theoretical predictions of coherent transient growth in turbulent flows. As a second objective, we want to verify to which extent the most amplified measured scales match the predictions of the linear optimal perturbation analyses. In order to have reproducible results we have decided to artificially force large scale streaks in the turbulent boundary layer on a flat plate. We measure the induced velocity fields by particle image velocimetry. The coherent streaks develop from coherent vortices forced by an array of cylindrical roughness elements evenly spaced in the spanwise direction. The approach is very similar to the one already used to force moderate amplitude streaks in the laminar boundary layer 26, [33] [34] [35] . The experimental setup is described in section II. The turbulent mean flow obtained in the absence of forced streaks is described in section III, while the measured coherent streaks are described in section IV. We anticipate that we effectively observe the transient growth of the streaks and that the most amplified spanwise scales match well the theoretical predictions. These findings are further discussed in section V where some conclusions are also drawn. by a two-step adaptive correlation method (with interrogation areas of 16 × 16 pixels) and 50% × 50% overlap. In both cases, a peak validation filter set to 1.2 is used to minimize the number of spurious vectors 36 . As already mentioned, the streaks are forced by using one array of evenly spaced cylindrical roughness elements that introduce nearly-optimal streamwise vortices in the boundary layer, as already done in the laminar boundary layer 33, 34 . The roughness elements are pasted on a very thin (< 0.1mm thick) scotch tape and painted in black to avoid reflections due to the laser sheet.
III. THE TURBULENT BOUNDARY LAYER BASE FLOW
Preliminary experiments have been performed in order to characterize the baseline tur- wavelength λ z . Several wavelength ranging from 3δ 0 to 12δ 0 are tested. These wavelengths roughly correspond to the most amplified wave-band obtained by computing the optimal energy growth of the base flow profile 27 . The dimensions of the corresponding roughness elements are reported in Table II . For each configuration, the number of roughness elements is chosen so that the array spans 2/3 of the test section width. The roughness elements array is always located at x = x 0 = 110mm.
B. The streamwise velocity field: large-scale coherent streaks
We report in Figure 2 the streamwise velocity field measured in the plane at a distance of Y = 2mm = k/2 from the wall for configuration C (see Table II ). The streamwise velocity scaled on the free-stream velocity U e is plotted against the streamwise and spanwise directions both scaled on the wavelength of the disturbance λ z which, for this configuration, is equal to six times the boundary layer thickness. Large scale streaks are clearly visible with superposed small scale fluctuations in the instantaneous velocity field reported in Figure 2 (a).
The large-scale streaks consist of an alternating pattern of high speed regions (hot contours) flanked with low speed streaks (cold contours). The time-averaged velocity field (averaged over 600 instantaneous fields) is reported in figure 2(b) . The averaging reveals the neat and well defined coherent high speed and low speed streaks. Such a good definition of the largescale streaks is due to the fact that the deterministic and steady forcing by the roughness elements induce coherent streaks that are, in the present conditions, statistically steady, contrary to the unforced very large-scale coherent streaks. The measured coherent streaks Various definitions are available in the literature like the energy amplification used in linear stability analyses or the min-max criterion expressing the peak-to-peak difference between the velocities in the high and low speed streaks 39 . Here, following previous studies 40 , we estimate the amplitude of the streaks introducing a 'local' min-max criterion with:
where z hsst denotes the spanwise location of high speed streaks (i.e. z/λ z = ±0.5, ±1.5, ±2.5) and z lsst denotes the location of the neighbouring low speed streaks (i.e. z/λ z = 0, ±1, ±2). configuration by 41 ) and is anyway sufficient to prove the existence of transient growth.
In figure 4 we report the streamwise evolution The influence of the spanwise wavelength on the streaks amplitude is analyzed by repeating the measures for all the configurations described in Table II . For each wavelength from λ z = 3δ 0 to λ z = 12δ 0 , large-scale coherent streaks similar to the ones presented in figure 2 are observed. Their amplitudes are computed using always the same definition 1 and are reported in figure 5 . In figure 5 (a) the amplitudes are plotted versus the streamwise coordinate x. For all the considered spanwise wavelengths transient growth of the streak amplitude is observed. The maximum amplitude and the streamwise station where the maximum is reached depends on the wavelength of the disturbance. In figure 5 (b) the same data are replotted, with the maximum amplitudes normalized to unity and the streamwise coordinate The dependence of the maximum streak amplitude on λ z is reported in figure 6 . In that figure, the maximum amplitude A The main idea underlying our study is that in order to have reproducible results, at least in the mean, one has to artificially force the coherent streaks. We have therefore used arrays of small cylindrical roughness elements to introduce streamwise nearly-optimal coherent vortices in the turbulent boundary layer at a Reynolds number of Re δ * = 1000.
These vortices are expected to induce the growth of coherent streaks. The main results are as follows:
1. Very large-scale coherent streaks can be artificially forced in the turbulent boundary layer. These coherent streaks are in the mean oriented as the mean flow and stable for the considered cases.
2. The artificially forced large-scale coherent streaks experience a transient growth in space, similarly to the growth observed for streaks forced in the same way in a laminar boundary layer. They can reach similar finite moderate amplitudes ≈ 13%U e .
3. All the amplitude curves are observed to collapse on a single one when rescaled on the maximum amplitude and the spanwise wavelength of the perturbation. The maximum amplitude of the streaks is attained for x max = 4 ∼ 5λ z regardless of the wavelength.
4. In agreement with results from the linear optimal perturbations theory, for this
Reynolds number, the most amplified wavelength is ≈ 6δ 0 .
These results confirm the existence of a mean lift-up effect predicted by the recent theoretical approaches based on strong simplifying assumptions such as the modelling of the Reynolds stresses with an eddy viscosity, the locally parallel flow assumption and the use of the temporal theory. Given these strong assumptions it is even more surprising to find that there is also a very reasonable quantitative agreement between experiments and theory concerning the most amplified spanwise wavelength. We here confirm that the most amplified spanwise wavelengths are ≈ 6δ 0 at Re δ * ≈ 1000. Of course, experiments at larger
Reynolds numbers are necessary to confirm the present findings and rule out any possible low Reynolds number effect.
Furthermore, these results open the way to the use of the lift-up of coherent streaks for control purposes. Such a large-scale control is promising because it has been recently acknowledged that natural large-scale structures influence the near-wall dynamics 43 and in particular the development of near-wall streaks 44 . Such interaction between forced largescale and small-scale structures have been used to reduce skin-friction drag 45, 46 . These results suggest that similarily very large-scale coherent streaks such as those forced in the present study can have a strong influence on the near wall streaks dynamics.
In the laminar Blasius boundary layer, nearly optimal streaks were successfully used to stabilize Tollmien-Schlichting waves and then delay transition to turbulence 26, 35 . Due to their strong amplification, the forced streaks modify the mean velocity profiles at leading order. The spanwise averaged shape factor of the resulting velocity profile is lower than the unforced case implying a fuller, and then more resistant, mean velocity profile. In the present turbulent case, similar modification of the mean velocity profiles is to be expected since we have observed a strong modulation of the mean velocity field in presence of the streaks. Such modification could result in a turbulent mean velocity profile with a lower shape factor. Current active research show that the large amplification of the coherent turbulent streaks could indeed be beneficial for separation control 47 .
